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SUMMARY

Theresultsofcalculationsarepresentedforthe
theeffectsof ionizationandelectronicexcitationon

purposeof showing
theflowproperties

ofone-dtiensionalshockwavesinxenongas. Thecalculationsarebased
on statistical-mechanicstheorywiththeassmptionthatthermale@lib-
riumexistsatallpointsintheflow. Thecalculationsaremadeby both
includingandneglectingtheeffectsof electronicexcitation,andthe
resultsofthecalculationsarequalitativelyccxnparedwithexperimental
data.

INTRODUCTION

Airinpassingthroughsufficientlystrongshockwavesdoesnot
behaveasan idealfluidbecauseoftheeffectsresultingfrommolecular
dissociation,electronicexcitation,andionization.Severaltheoretical
investigationsof suchstrongshockshavebeenmadeby usingthemethods
of statisticalmechanics(refs.1 and2). Theexperimentalinvestigations
of strongshocksinairhavebeenhinderedby thedifficultyinproducing
them. However,inan effortto studytheseeffects,strongshockwaves
havebeenproducedinothergases(refs.3 to ~).

Resler,LtijandKantrowitz(ref.4) examinedtheflowofargonin
shocktubesandobtainedbothexperimentalandtheoreticalresults.This
investigationindicatedthatno floweffectswouldbe attributedto elec-
tronicexcitationforflowvelocitiesup toa Machnumbernormalto the
shockof20;therefore,thetheoreticalcalculationswereEdmr@ifiedby
neglectingelectronicexcitation.Theworkofreference3 consistedof an
investigation,by a ballisticmethod,of strongshockflowsaboutsmall
metalcone-cylindermodelsinxenon,inwhichhigherMachnumberflows
canbe obtainedthaninargon.

Thepurposeofthispaperistopresenttheresultsof theoretical
calculationsoftheflowpropertiesofxenonin strongshockwaves.
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2 NACATN 3091

Twosetsofcalculationsaremade,oneincludingtheeffectsof electronic
excitationandionization,desi~ted as excitationcalculations,andthe
oth- includingonlytheeffectsof ionization,designatedasnonexcitation
calculations. Theexcitationcalculationsfollowthemethoddescribedin
refaence1. Theresultsofthecalculationsarequalitativelycompared
withexperimentalresultsgiveninreference3 ontheassumptionthatthe
glowobservedina xenopshockwaveisapproximatelyproportionaltothe
percentionization.
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S@scripts:

I non-ionizedor

II ionizedata

1 a pointinthe

neutralatom

otherwiseundisturbedslream

2 a pointimmediatelybehindshockwave

e electron

ex attic excitation

i internalpart

ion atanicionization

. - _ —.——..— ..— . .— .-— ___— — —



NACATM 3091

n thenthterm

t. attic translation,alsotranslationalpart

Thetermmoleref=s to a moleof gasbeforeenteringtheshockwave.

METHODSOFCAICULATIOIV

ExcitationCalculations

- Whenthereisno electronicexcitationorionizationina monatomic
gas,theflowpropertiesbeforeandaftera normalshockwavecanbe
givenby theequationsofconttiuity,momentum,andener~ andtheper-
fectgaslaws. Klheseareasfollows:

continuity
u~v2= U2vl (1)

momentum 2U1 2
pl+y= p2+~

2
ener~

El+~vl+&l12=E2+P#2+ *U22

(2)

(3)

state
PIV1= RT1 (k)

P2V2= RT2 (5)

wheretheinternalenergies 3
‘1 and E2 me givenby ~ RT1 and ; RT2)

respectively.Ifa shock-flowproblemisadequatelyspecified,these
fiveequationsuniquelydeterminetheunlmownflowproperties.

Fora realmonatomicgas,thetemperaturesencounteredin strong
shockwavesinduceelectronicexcitationandionizationwhichbecome
@ortant andmaketheequationof state(5)andtheexpressionfor ‘2
no longervalid.Thecorrectionforionizationandelectronicexcitation
ismadeinthefolkmingmanner:First,theeqpationof statewhichis
truefora constantnumberQfmolesofparticlesperunitmassof gasis
changedto

,-\

(6)

—_ -——. -————



NACATN 3091 5

soasto includetheticreasednumberofparticlesdueto ionization,
where a isthepercentionizationima shockwavewhenthereisno
ionizationofthegasenteringtheshock.Second,theener~ E2,which

isno longergivenby ~RT2, is

ionization,andexcitatim;that

%=%

thesumoftheenergiesoftranslation,

is,

+ ‘ion+ Eex

where

14=$ R~+&)T2

‘ion= ~ Noxcr
100

r’

(7)

(8)

(9)

(lo)
T=T2

Theener~ expre~sions(eqs.(8) to (10))aregivenin sectionII of
reference1 fora diatomicgas. Theyarealteredhereto applyto a
monatomicgasby droppingtermscorrespondingtomolecularvibration,
rotation,anddissociation.

Thevalueof a isdeterminedfrcmtheequilibriumconstantK
whichisrelatedby Saha’sequationto thepartitionfunctionsandthe
temperatureofthegas(ref.1). Thus,

2

()& Z-&e e-x@2
=K=—

1-s ’90100

(U)

. —--.—... ____ _ —--- .. . .—..— —— —



6 - NACATN 3091

,..

from whichthereisobtained

A r ~mK+ K2+4K
a= (12)

2

b thisanalysis,thetemperaturesconsideredarenothighenough
fordoubleionizationofanappreciablenmber ofat-. Thenmber of
doublyionizedatms isthereforeneglected,and a representstheper-
centofatcmsthataresinglyionized.

where

and

where

partitionfunctionsoftheatoms Z whichappesrin equations(10)
curedefinedby .

ZI=~Z1 (13)
ti

z= .kE@@v2t #
wx ‘V~Inhc/kT2

%i = n+ gIIne

(14)

(15)

(17)

,

(18)

_.— .—— ——————— -— -—
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Foran electron,

Ze
= ‘f%zei

(19)

where

.

(20)

(a)

Theseequationsarestandardexpressionsofstatisticalmechanicsand
equivalentformsmaybe found,forexample,inreference1. Theyare
basedontheassmptionofthermalequilibrium.Thesummationsindicated
by equations(15)and (18)extendoveralltheelectronicener~levels
of eachatm type,thatis,theneutralandtheionizedatoms.Theterm-
valuedifferencesmeasuredfromthe&roundstatesae ~. and ~..—

andthe g‘s @?ethestatisticalweights.Forthe
is 2Jn+ 1 where J isthe+totalangular-momentum

givtiinreference6.

Withtheserevisions,ionizationandexcitation

k Ll~

nth state,~

~tum nunberas

effectsareincluded
.in the analysis.Theequationstobe solvedareequations(1)to (4),
(6), and(u) andtherelationsfor E2 givenby equations(8)to (21).
Theprocedureforthecalculaticmsisas follows.

~ usingspectroscopicallydeterminedterm-valued&erencesfor

eachatomtype, Xel ~ = ~,007.41cm-l andand Xell,upto ~

‘IIn= 157,225.10cm-l, respectively(seeref.6),theinternalpart

ofthepartitionfunctions(eqs.(15)and (18))arecalculatedforvalues
of T2 rangingfrm 3M0K to3,000°K inintervalsofapproximately500°K.

Thevariationofthesepartitionfunctionswithtemperatureis shownin

figure1. 2 ~ logZiFromthesecurvesthetwo RT2 dT temnsinequa-

tion(10)aredeterndnedandareplottedasa functicmof T2 (seefig.2).

..—---- -. --— —- —— .-. — - ----——— —— -——— .———



8 NACATN 3091

Thetotalpartitionfunctionsfromequations(13),(16),and (19)are
thendeterminedforvariousvaluesof T2 andaresubstitutedinto
equation(n) to obtaina asa functionof T2 and V2. Theioniza-
tion a isthenplottedasa functionof T2. Fora givenvalueof V2,

thecorrespondingvaluesof a, RT22~ logZ1i,and RT 2 ~ logZ1li
dT 2 dT

aremibstitutedintoequations(8) to
plottedasa functionof T2.

lhorderto satisfya shock-flow

isdeterndnedby useof equations(1)
beforeandaftertheshock.If u~,

equations(1)to (4)and(6),then

(10),andtheenergyE2 is

condition,thepropervalueof ‘2
to (3) whichrelateconditions
~, ~d P2 areeliminatedfrom

?

Standardconditionsarechosenfor

asa functionof T2 and V2,this

as a functionof T2 forthegiven

(=9
2

J

Pl> VI,and T1. Since cc isknown

secondexpressionfor ‘2 isplotted

valueof”V2. Thetwofunctions

of E2 we cmparedonthesamegraphforthesamevalueof V2. mley

formtwotitersectingcurveswhichfixthevaluesof ‘2 and T2 for

oneshockcondition.Fromthesevaluesthe*own flowconditionsul,

U2)~ P2 are’deterrnined.Differentshockconditionsarecalculated

by selecthga differentvalueof ‘2 andby followingthesameprocedure.

Thefinal.resultsareplottedasa functionof~ch numberoftheundis-
turbedstream.

NonexcitationCalculations

Resler,Lti,andKantrowitz(ref.k)haveshownthatelectronic
excitationcanbe neglectedforflowsinargonup to ‘1 = 20. Sincethe
electronicexcitationlevelsofxenondifferfromthoseofargon,calcu-
lationsaremadeto showtheresultswhentheelectronicexcitationof
xenonisneglected.Theequationsusedareequations(1)to (4), (6), and

— — — -—.—..——



NAC!ATN 3091 9

E2 = ~ + Eion
()

=: R1+*T2+*IVOX0 (23)

to whichequation(7) reduceswhenexcitationisneglected.Inthis
casetheinternalpm-tofthepartitionfunctionsfortheatomsinequ-
tions(15)and (18)reducestothefirsttermofthesmmationseries.
Thus,eqwtions(13)and (16)become

where

and

( )/~m1kT23 2
%= ~3 g~ovp

and

(%IkT2)
3/2

~1 .
h3

gIo=l’

‘%IOV2

as obtainedfrm reference6.

UsingthisresultgivesSaha’sequationinthefolbwingform:

-() 3/2V2T2312-xu/kT2~_8211m#
h2 No e

(24)

(25)

(26)

IwherethemassratiomI1mI isapproximatedas unity.

In
method,
of T2
isthen

oral=to determinetheflowconditionsofa shockwaveby this
thepercentionizationfromequation(12)isplottedasa function
fora givenvalueof V2 andtheenergyE2 inequation(23)
plottedas a functionof ‘2“ As intheprecedingcase,values

..—.— — ._ ———— ..—.



10 NACATN 3091

of ~ and T2 whichsatisfyequations
valueof V2 aredetcmninedgraphically.

(22)and (23)forthegiven
Allthepropertiesofthe

flowarethendeteminedasfuuctionsofthefree-stieamMachnumber.

RESUllI’SOFCAICUL4TIONS

Theexcitationcalculationsandthenonexcitationcalculations
aremadeforone-dimensionalshockwavestixenonup to ~ = 15.
Standardconditionsareassmedintheundisturbedflowwhichare
~ = 1,013,250dynes/cm2,~ = 2’73.16°K, and V1 = 22,42o.8@/mole.
Thevaluesof constahtsusedinthecalculationsareobtainedfrcmref-
erences7 and8. Theresultsofthecalculations,togetherwiththe
appropriateideal-flowquantities,arepresentedh graphicalformplotted
againstMachnumberoftheundisturbedflow. Percentionization,tem-
perature,specific-volumeratio,pressureratio,andstreamvelocity
behindtheshockwaveareshowninfigures3,4, 5,6, and7,respectively.

Generallyit is evidentthatthenoticeableeffectsof ionization
andexcitationbeginatapproximately~ = 8 andincreaseasthespeed

oftheshockincreases(fig.3). Whenionizationandexcitationare
present,theseprocessesabsorbpartoftheenergyofthegasandleave
lesstranslationalenergythanfortheidealflow. As an almostdirect
result,theexcitation-calculationtemperatureislessthamtheideal-
flowtemperature(fig.4). Thespecific-volmeratioandthepressure
ratioareinfluencedby twoeffects,namely,theloweredtemperatureand
thechangeinthenumberofparticlesperunitmassof gas (adirectresult
of ionization).h addition,of course,theyarerelatedto eachother
by theequationof state.Thenetresultisthattheexcitation-
calculationspecific-volumeratioisconsiderablygreaterthaninthe
ideal-flowcase(fig.5)andthattheexcitation-calcuhtionpressure
ratiois somewhatlargerthanintheideal-flowcase(fig.6).~!Ihe
excitation-calculationstresmveloci~belrlndtheshockreachesa maxi-
mumat ~ = 12,whereasintheideal-flowcaseitcontinuesto increase

(fig.7).

A comparisonoftheresultsoftheexcitationcalcuhtionandthe
nonexcitationcalculationshowsthat,withintherangeofthepresent
calculations,theeffectof excitationisoftheorderof 10percentof
theeffectof ionization.Whentheassumptionismadethatno energyof
thegasisabsorbedas excitationenergy,moreenergyisavailablefor
ionizationandtranslation.Thus,thenonexcitationpercentionization
islargerthantheexcitationpercentionization(fig.3) andthenon-
excitationtemperateislarger@an theexcitationtemperature(fig.4). .

—. -—. — — ——
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Theresultsofthetwomethodsofcalculation
pressureratio,andstreamvelociaafterthe

SL

forspecific-volumeratio,
shockareinagreementwith

thephysically-plausiblecanceptthatcalculationsinwhich,&citation
effectsareneglectedshouldgiveresultsthatarelessdifferentfrom
theideal-flowcasethancalculationsinwhichexcitationeffectsare
included.Thedifferencesbetweenthesetwocalculationsincreaseas
theflowspeedincreases.

Figure8 showstheturningangleofthestrewnthroughtwoty-pesof
shcekwaveswhichhavevariousinclinations.Theexcitation-calculation
resultsarecomparedwiththoseof theideal-flowcase. Sincethepresence
of excitationandionizationcausesthestresmveloci~tobe smaller
aftertheshock,thestreamturningangleis greaterinthiscase. larger
turninganglesinthisflowindicatethatata givenMachnmnberthesame
angleof shockisobtainedby a bluntershapedbody. Thevaluesof shock
inclinationsaboutconical-shapedbodiesinanaxbynmetricalidealflow
aregivenintable1. Theshockanglesarecalculatedfora monatmic
gaswhere y = 5/3 by themethoddescribedinreference9.

Theeffectsof electronicexcitationcanbe neglectedforflowsin
sanegases.Resler,Lti,andKantrowitz(ref.4) showedthatthissitu-
ationistrueforthecaseofargonsinceforflowvelocitiesashigh
as Ml = 20 theamountof electronicexcitationener~ is approximately
1.7percentofthetotalinternalener~ ofthegas. Fora flowinxenon
thisproportionof electronicexcitationenergyispresentintheshock
waveat Ml = 11.2 (seefig.9)andbecomes13.3percentat Ml = 15.
Thus,theeffectof electronicexcitationismuchmoreimportantinxenon
thaninargon.

COMPARISONOF THEORETICALAN)EXPERIMENTALRESULTS

Ifthepresenceof ionizationina shockwaveisassumedtobe
characterizedby a glowingphenomenonandtheintensi~oftheglowis
assumedtobe approximatelyproportionaltothepercentof ionization,
a qualitativecomparisoncanbemadebetweentheresultsofreference3
andtheory.Forthispurposefigures8 to 10 ofreference3 whichshow
flowsh xenonaboutcone-cylind=modelsarereproducedas figures10
to M!. Inaddition,theflowabouta smallsteelsphereis shownin
figure13. Figure13wasobtainedby theapparatususedinreference3.
ThetestresultsaregivenintableII.

Thecalculationsshowthationizationispresentina shockwavefor
Machnumbersgreaterthanapproximately8. Figures10to 1.2indicate
thisoccmence tobe appro-tely truefortheactualshockflows.A
glowisseenintheshockwav

I
offigure10wheretheMachnumbernormal

to thiS shock~ is 9.0 an thisglowcoversthesilhouetteofthe

— -- .—. — .— .. —...__. —..z . —— —- —.. .— ——



NACATN 30911.2

conePart ofthecone-cylindermodel.Forthiscase,theoryindicates
0.06~ercentionization-(seetableII). WhentheMachnumbernormalto
thes~ockisreduced,theintensityoftheglowintheshockwavedimin-

>

ishesnearlyproportionallyuntilit isno longervisible.Figures11 “
and12 showcasesof strongshockflowswheretheintensityoftheglow
isnotobserved.W figure11,the~ch numbernormalto theshockwave
is4.9. Thetheoryindicatesno appreciableionizationina shockwave
ofthisstrength.Likewise,figureU showsthatthereisno glowonthe
silhouetteoftheconepartofthecone-cylind=modelto correspondto
thatinfigure10. Theflowaboutthecone-cylindermodelinfigureI-2
indicatestheappro-te l@chnumberrangeinwhichglowbegins.The
modelisyawed4° tothefree-streamdirection.Thenormall@chnumber
oftheshockaboutthisyawedconevariesfrom8 to 10. A glowisasso-
ciatedwiththegreatestshockinclinationandno glowisassociated
withtheleastshockinclination;thisresultcorrespondstotheory.As
wouldbe expectedfromtheory,figure13 showsa moreintenseglowthan
figure10 since2.9-percentionizationiscalculatedforthesphereccm-
paredto 0.C6percentforthecone-cylindermodel.

CONCLUDINGREMARKS

TheworkofResl=,Lin,andKantrtitzindicatesthatsimplified
calculationsmaybe usedto detme theflowpropertiesof strongshock
wavesinargonbecausetheelectronicexcitationener~ is smalJ_compared
to thetotalinternalener~. Theseinvestigatorsusetheseshplified f.

calculationsforflowvelocitiesup to a Machnuibernormalto shock~
of 20 withoutlargeerror.Inthepresentinvestigationit isfo~d by ,,
comparisonwithmoreexactcalculationsthattheeffectof electronic
excitationismuchmoreimportantforxenonthanargon.Thedifference
betweenexcitationandnonexcitationcalculationsincreaseswithincreases
inflowspeed.

Theflowpropertieswhicharecalculatedby consideringtheeffectsof
electronicexcitationandionizationarecmparedwithideal-flowprop-
erties.Differencesoccurbetweenthesetwoflowswhenionizationis
present.Thedifferencesticreaseas theionizationincreasesat larger
flowspeeds.Thecalculationsshowthattheactualtemperatureandstream
veloci@behindtheshockwavearelessthanintheidealcase,whereastie
pressureratioandspecific-volumeratioacrosstheshockaregreater.
Thereal.stresmveloci~behindtheshockreachesa maximumvalueasthe
speedincreasesandthendecreases.

Theresultsofthecalculationsarequalitativelycmrparedwith
availableexperimentalresults.At shockspeedsaboveapproximately
Ml = 8 theexpertientalresultsshowa visibleglowintheshock.

.
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Iftheassmptionthattheintensityoftheglowis
portional.to thepercentof ionizationisused,the

13

approximatelypro-
experimentalresults

appeartobe in qualitativeagreementwiththeresultsof calculations.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

ImgleyField,Va.,September25,1%3.
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T4BLEI

PROl?ERTll!SOFSYMMETRICALCONICALSHOCKFLOWINAN IDEALGAS
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68056t
66°52’
59 55‘
58°32‘
5P 59’
j7014’
56°19’
j6°3‘
j5°55’
j5°49’

.

—— —--—.-. ——— __



NACATN 3091

TABLEII

15

EXPERIMENTALTESTRESULTSOFSMALLCONE-CYLINDERMODELS

ANDSPHERESFIREDINTOXENONGAS

8,
Model H, Itree-stieam e, I

Figure a,percent
deg,velocity, Mch nunber,

OK
deg (calculated),cm/sec M (observed)...

alo -45.0 1A, 923 2X.4 1.1.o *o 31.0’ 0.06

all 22.5 lg2,U6 297.6 10.8 26°45.5’ 0
au 45.0 183,446 295.8 10.4 --------- ----

13 90.0 219,45(j 294.1 12.5 --------- 2.9

aDataobtainedfrcmreference3.
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Flg_n-e10.- A shadowgraph of the flow pherunanon about
model traveling at M = lJ_.O.
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a 90° cone-cylinder
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Figure 11.- A schlieren photograph of the flow p
cylinder msdel traveling at M

henmnenon about a @O cone-
. K).8.
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Fi&ure 12.- A shadowgraph of the phenomenon about a yawed 90° cone-cylinder
model trave13.ngat M .10.4. Angle of yaw, 4°.
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Figure 13,.Photograph of the glowing area about a steel sphere traveling

at M . 12.5,Approximate contour of model,is added to the photograph.


